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Abstract
We study the eﬀects of isovector-scalar meson δ on the equation of state (EOS)
of neutron star matter in strong magnetic ﬁelds. The EOS of neutron-star matter
and nucleon eﬀective masses are calculated in the framework of Lagrangian ﬁeld
theory, which is solved within the mean-ﬁeld approximation. From the numerical
results one can ﬁnd that the δ-ﬁeld leads to a remarkable splitting of proton and
neutron eﬀective masses. The strength of δ-ﬁeld decreases with the increasing of the
magnetic ﬁeld and is little at ultrastrong ﬁeld. The proton eﬀective mass is highly
inﬂuenced by magnetic ﬁelds, while the eﬀect of magnetic ﬁelds on the neutron
eﬀective mass is negligible. The EOS turns out to be stiﬀer at B < 1015G but
becomes softer at stronger magnetic ﬁeld after including the δ-ﬁeld. The AMM
terms can aﬀect the system merely at ultrastrong magnetic ﬁeld(B > 1019G). In
the range of 1015 G – 1018 G the properties of neutron-star matter are found to be
similar with those without magnetic ﬁelds.
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11 Introduction
In the standard relativistic mean ﬁeld (RMF) model [1, 2] of nuclear matter, the σ
, ω and ρ meson are used in descriptions of nuclear interactions. The short range of the
isovector-scalar meson a0(980)(the δ meson) exchange justiﬁes neglecting its contribution
to symmetric nuclear matter. However, for strongly isospin-asymmetric matter at high
densities in neutron stars, the contribution of the δ-ﬁeld should be considered. Resent
theoretical studies[3, 4, 5, 6, 7] motivate the investigation of the eﬀect of the isovector-
scalar meson on the neutron-star matter. They have found [4] that the δ-ﬁeld leads
to a large repulsion in dense neutron-rich matter and deﬁnite splitting of proton and
neutron eﬀective masses. The energy per particle of neutron matter becomes larger at
high densities than the one with no δ-ﬁeld included and the proton fraction of β-stable
matter increases[5]. Those properties play an important role in description of the structure
and stability conditions of neutron stars. A splitting of proton and neutron masses can
aﬀect the transport properties of dense matter [8]. As is well known, there are strong
magnetic ﬁelds of 1014G [9] on the neutron star surface. The strength of magnetic ﬁelds
in the interior of neutron stars can be up to 1018G [10]. The neutron-star matter in strong
magnetic ﬁelds without the isovector-scalar ﬁeld has been studied, which give interesting
and novelty results [11, 12, 13]. It is our main aim to investigate the δ-ﬁeld inﬂuence on
the properties of the neutron-star matter in the presence of magnetic ﬁelds.
Theoretical studies about the eﬀects of very strong magnetic ﬁelds on the EOS of
neutron-star matter indicated[11] that the softening of the EOS caused by Landau quan-
tization was overwhelmed by stiﬀening due to the incorporation of the anomalous magnetic
moments of nucleons. At high baryon densities, muons can be produced in the charge-
neutral , beta-equilibrated matter with respect to the channel of e− ←→ µ− + νe + νµ
, as soon as the chemical potential of electrons µe reaches a value equaling to the muon
rest mass. In cold neutron stars neutrinos and photons already escape and the chemical
potentials of those can be set as zero. Consequently, we get µe = µµ(µµ is the chemical
2potential of muons). As the baryon density increases, the densities of muons and electrons
become comparable with that of nucleons. The inclusion of the anomalous magnetic mo-
ments of leptons thus makes sense. In this paper we will study the eﬀects of the AMM of
nucleons and leptons in a dense neutron-star matter including the δ-ﬁeld eﬀect.
In the following section, the Lagrangian ﬁeld theory of interacting nucleons and mesons
including magnetic ﬁelds will be introduced. The numerical results are given in section
3. We separate the cases with and without the inclusion of the AMM eﬀects. The
modiﬁcation of proton and neutron eﬀective masses in the dense matter with strong
magnetic ﬁelds will be discussed in detail. The energy per particle and EOS will be studied
too. In Section 4, we summarize our results and prospect for the possible descriptions of
additional components such as hyperons and quarks.
2 Formalism
The application of Lagrangian ﬁeld theory to the study of neutron stars was ﬁrst
carried out by Glendenning[14]. We consider a neutron-star matter consisting of neutrons,
protons, electrons and muons in the presence of a uniform magnetic ﬁeld B along the z-
axis. The Lagrangian density can be written as
L = ¯ ψb[iγµ∂
µ − qb
1 + τ0
2
γµA
µ −
1
4
κbµNσµνF
µν − Mb + gσσ + gδτ   δ − gωγµω
µ − gργµτ   R
µ]ψb
+ ¯ ψl[iγµ∂
µ − qlγµA
µ −
1
4
κlµBσµνF
µν − ml]ψl +
1
2
∂µσ∂
µσ − U(σ) −
1
2
m
2
σσ
2 +
1
2
∂µδ∂
µδ
−
1
2
m
2
δδ
2 −
1
4
ωµνω
µν +
1
2
m
2
ωωµω
µ −
1
4
Rµν   R
µν +
1
2
m
2
ρRµR
µ −
1
4
FµνF
µν, (1)
where ψb and ψl are the baryon(b = n, p) and lepton(l = e, µ) ﬁelds; σ, ωµ, R, δ represent
the scalar meson, vector meson, isovector-vector meson and isovector-scalar meson ﬁeld,
which are exchanged for the description of nuclear interactions. Aµ ≡ (0, 0, Bx, 0) refers
to a constant external magnetic ﬁeld along the z-axis. The ﬁeld tensors for the ω, ρ and
magnetic ﬁeld are given by ωµν = ∂µων−∂νωµ, Rµν = ∂µRν−∂νRµ and Fµν = ∂µAν−∂νAµ
. U(σ) is the self-interaction part of the scalar ﬁeld[15]: U(σ) = 1
3bσ3 + 1
4cσ4.
3Mb and ml are free baryon masses and lepton masses, and mσ, mω, mρ, mδ are the
masses of the σ, ω, ρ and δ meson, respectively. µN and µB are the nuclear magneton
of nucleons and Bohr magneton of electrons; κp = 3.5856, κn = -3.8263, κl =
αl
π and
αl = 1159652188(4) × 1012(4ppb), αµ = 11659203(8) × 10−10(0.7ppm)[16, 17, 18] are the
coeﬃcients of AMMs for protons, neutrons, electrons and leptons, respectively. Then the
anomalous magnetic moment can be deﬁned by the coupling of the baryons and leptons
to the electromagnetic ﬁeld tensor with σµν =
i
2[γµ, γν] and κi(i = n,p,e,µ) given above.
The ﬁeld equations in a mean ﬁeld approximation(MFA), in which the meson ﬁelds
are replaced by their expectation values in a many-body ground state, are given by
(iγµ∂
µ − qb
1 + τ0
2
γµA
µ −
1
4
κbµNσµνF
µν − m
∗
b − gωγµω
µ − gργ0τ3bR
0
0)ψb = 0, (2)
(iγµ∂
µ − qlγµA
µ −
1
4
κbµNσµνF
µν − ml)ψl = 0, (3)
m
2
σσ + bσ
2 + cσ
3 = gσρs, (4)
m
2
ωω0 = gωρb, (5)
m
2
ρR00 = gρ(ρp − ρn), (6)
m
2
δδ0 = gδ(ρ
p
s − ρ
n
s). (7)
The energy-momentum tensor can be written as
Tµν = i¯ ψb,lγµ∂νψb,l + gµν[
1
2
m
2
σσ
2 + U(σ) +
1
2
m
2
δ δ
2 −
1
2
m
2
ωωλω
λ
−
1
2
m
2
ρRλR
λ +
B2
2
] + ∂νA
λFλµ. (8)
Here ρb = ρp + ρn is the baryon number density, and ρs = ρp
s + ρn
s is the scalar number
density. In the mean ﬁeld approximation, the ﬁrst two components of the isospin vector
Rµ and δ vanish; i.e,  Rµ  =  R
µ
0 ;  δ  =  δ0 . The eﬀective baryon masses are thus
expressed as
m
∗
p = Mp − gσσ − gδδ0, (9)
m
∗
n = Mn − gσσ + gδδ0. (10)
4In the presence of the AMM of nucleons and leptons, the energy spectra of particles can
be expressed as
E
p
ν,s =
 
k2
z + (
 
2eBν + m∗2
p + s∆p)2 + gωω0 + gρR0,0, (11)
E
n
s =
 
k2
z + (
 
k2
x + k2
y + m∗2
n + s∆n)2 + gωω0 − gρR0,0, (12)
E
l
ν,s =
 
k2
z + (
 
2eBν + m2
l + s∆l)2, (13)
where ∆b = −1
2κbµNB and ∆l = −1
2κlµBB.
The number densities of protons, neutrons and leptons read as
ρp =
eB
2π2[
νmax  
ν=0
k
(p)
f,ν,1 +
νmax  
ν=1
k
(p)
f,ν,−1], (14)
ρn =
1
2π
 
s
{
2
3
k
(n)3
f,s + s∆n[(m
∗
n + s∆n)k
(n)
f,s + E
(n)2
f (arcsin
m∗
n + s∆n
E
(n)
f
−
π
2
)]}, (15)
and
ρl =
eB
2π2[
νmax  
ν=0
k
(l)
f,ν,1 +
νmax  
ν=1
k
(l)
f,ν,−1], (16)
respectively. In the above expressions, k
(p)
f,ν,s and k
(l)
f,ν,s are the Fermi momenta of pro-
tons and leptons for the landau level ν and the spin index s = −1,1; k
(n)
f,s is the Fermi
momentum of neutrons. They are related to the Fermi energies as
k
(p)
f,ν,s =
 
E
(p)2
f − (
 
m∗2
p + 2eBν + s∆p)2, (17)
k
(n)
f,s =
 
E
(n)
f − (m∗
n + s∆n)2 (18)
and
k
(l)
f,ν,s =
 
E
(l)2
f − (
 
m2
l + 2eBν + s∆l)2. (19)
5The scalar number densities of nucleons have the form of
ρ
p
s =
eBm∗
p
2π2


νmax  
ν=0
 
m∗2
p + 2eBν + ∆p
 
m∗2
p + 2eBν
ln
 
 
   
 
 
k
(p)
f,n,1 + E
(p)
f  
m∗2
p + 2eBν + ∆p
 
 
   
 
 
+
νmax  
ν=1
 
m∗2
p + 2eBν − ∆p
 
m∗2
p + 2eBν
ln
 
 
   
 
 
k
(p)
f,n,−1 + E
(p)
f  
m∗2
p + 2eBν − ∆p
 
 
   
 
 

, (20)
ρ
n
s =
m∗
n
4π2
 
s

k
(n)
f,sE
(n)
f − (m
∗
n + s∆n)
2ln
 
 
   
 
 
k
(n)
f + E
(n)
f
m∗
n + s∆n
 
 
   
 
 

. (21)
The energy densities of nucleons and leptons are given as
εp =
1
4π2
νmax  
ν=0

k
(p)
f,ν,1E
(p)
f + (
 
m∗2
p + 2eBν + ∆p)
2ln
 
 
 
   
 
k
(p)
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(p)
f  
m∗2
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

+
1
4π2
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
k
(p)
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(p)
f + (
 
m∗2
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2ln
 
 
   
 
 
k
(p)
f,ν,−1 + E
(p)
f  
m∗2
p + 2eBν − ∆p
 
 
   
 
 

, (22)
εn =
1
4π2
 
s



1
2
k
(n)
f,sE
(n)3
f +
2
3
s∆nE
(n)3
f (arcsin
m∗
n + s∆n
E
(n)
f
−
π
2
) + (
s∆n
3
−
m∗
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4
)
×

(m
∗
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(n)
f,sE
(n)
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∗
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3ln
 
 
   
 
 
k
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(n)
f
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



, (23)
εl =
1
4π2
νmax  
ν=0

k
(l)
f,ν,1E
(l)
f + (
 
m2
l + 2eBν + ∆l)
2ln
 
 
   
 
 
k
(l)
f,ν,1 + E
(l)
f  
m2
l + 2eBν + ∆l
 
 
   
 
 


+
1
4π2
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ν=1

k
(l)
f,ν,−1E
(l)
f + (
 
m2
l + 2eBν − ∆l)
2ln
 
 
   
 
 
k
(l)
f,ν,−1 + E
(l)
f  
m2
l + 2eBν − ∆l
 
 
   
 
 

. (24)
(25)
The total energy density of the n-p-e-µ system is[11]
ε = εp + εn + εe + εµ +
1
2
m
2
σσ
2 + U(σ) +
1
2
m
2
δδ
2
0 +
1
2
m
2
ωω
2
0 +
1
2
m
2
ρR
2
0,0 +
B2
8π
. (26)
where the last term is the contribution from the external magnetic ﬁeld.
Because of the charge neutrality and chemical equilibrium the pressure of the system
6can be obtained by
P =
 
i
µiρi − ε = µnρb − ε. (27)
3 Numerical results
From above expressions, one can obtain the nucleon eﬀective masses and the EOS of
the system after solving the meson ﬁeld equation, of (4)–(7), numerically. The chemical
equilibrium conditions of µn = µp + µe and µe = µµ, as well as the charge neutrality ρp =
ρe + ρµ are applied in the iteration procedure. The nucleon-meson coupling constants and
the coeﬃcients in the scalar ﬁeld self-interactions are obtained by adjusting to the bulk
properties of symmetric nuclear matter where the magnetic ﬁeld is absence. Furthermore,
for symmetric nuclear matter the leptons are omitted and protons and neutrons have equal
densities. The saturation properties consist of the binding energy(E/A), compression
modulus(K), symmetry energy(asym), the eﬀective mass(m∗
N/MN) and the pressure p.
The binding energy can be obtained by E/A = ε/ρb−Mb. The symmetry energy reads[5]
asym =
1
2
C
2
ρρ0 +
k2
f
6
 
k2
f + m∗2
− C
2
δ
m∗2ρ0
2(k2
f + m∗2)(1 + C2
δA(kf,m∗))
, (28)
where
A(kf,m
∗) =
4
(2π)3
  kf
0
k2d3k
(k2 + m∗2)3/2 (29)
is a function of the Fermi momentum, kf = k
(p)
f = k
(n)
f , and the eﬀective mass, m∗ =
m∗
p = m∗
n. For symmetric nuclear matter at saturation density ρ0 , we have deﬁned
Cσ = gσ/mσ, Cω = gω/mω, Cρ = gρ/mρ, Cδ = gδ/mδ. In the presence of δ-ﬁelds, the
compression modulus is calculated to be
1
9
K = k
2
f
∂2
∂k2
f
(
ε0
ρ
) |ρ=ρ0
= C
2
ωρ0 +
 
N
k2
f
6E
(N)
f
+
ρ0
2
−
(Bp + Bn)2 + C2
δ[fσ(Bp − Bn)2 + 2AnB2
p + 2ApB2
n]
2fσ + C2
δ[(An + Ap)fσ + 2AnAp] + An + Ap
,
7where N = n, p, and
AN =
6ρN
s
m∗
N
−
3ρ0
EN
,
BN =
m∗
N
EN
, fσ =
U(σ)
g2
σ
.
Recently, improved empirical data for the compressibility and symmetry energy are
available [19, 20, 21], which beneﬁt to the study of evident isospin asymmetric nuclear
matter. In this work we adopt the parameter sets obtained in Ref.[4]. The coupling
constants and the corresponding saturation properties of nuclear matter are listed in
Table 1. One can see that SetA with and without the δ-ﬁeld produce the same saturation
properties, which ﬁts well into the range of new empirical data. Therefore, it is suitable
to be used to investigate the δ-ﬁeld eﬀect in isospin asymmetric matter. Another set of
parameters GM3[22] is widely used in neutron-star matter calculations. The results for
neutron-star matter without magnetic ﬁelds are presented in Fig.1.
The dotted lines in Fig. 1(a) denote the eﬀective masses of neutrons and protons as
functions of baryon densities in a n-p-e-µ system reckoned in the model of SetA including
the δ-ﬁeld. The splitting of proton and neutron masses can aﬀect the transport properties
of dense matter[5]. The diﬀerence between the proton and the neutron eﬀective mass
inclines to decrease with the increasing of the baryon density. It indicates that the strength
of δ-ﬁeld −gδδ decreases with densities. For comparison the results for the model of SetA
without δ-ﬁeld and set GM3 are presented in the ﬁgure too. In Fig. 1(b) and Fig. 1(c)
we show the pressure densities and energy densities as functions of the baryon density.
The deviation between the results of SetA(NLσωρ) and SetA(NLσωρδ) are negligible.
Although the proton fraction increases by including the δ-ﬁeld[4], the EOS has little
change due to the fact that the energy density and pressure density display the average
contributions of protons and neutrons, and the eﬀects of isospin vector ﬁelds are small
and cancel somewhat. Alternatively, because of a larger eﬀective mass the results of Set
GM3 deviate from SetA evidently. In the following calculations, we present the numerical
results under strong magnetic ﬁelds by separating the cases with and without the inclusion
8of the AMM eﬀects.
3.1 Eﬀect of the magnetic ﬁelds without AMM terms
We consider magnetic ﬁelds in the range of 1012- 1020G. There are two character-
istic strengths of magnetic ﬁelds for the problem involved, which are critical ﬁelds for
electrons(Be
c = 4.414 × 1013G) and protons(Bp
c = 1.487 × 1020G)[11]. We are more
interested in the results at the vicinity of B = Be
c and ultrastrong magnetic ﬁelds
around B = 1018G. Therefore, in the following calculations we consider magnetic ﬁelds
of B = 1012G , 1013G, 1015G, 105 × Be
c, 1019G, 3 × 1019G. For comparison, the results
for B = 0 will be presented too. In order to manifest the inﬂuence of magnetic ﬁelds
on neutron-star matter, in the results of pressure and energy density given below the
magnetic energy part will be excluded.
Figure 2 depicts the nucleon eﬀective masses as functions of baryon densities for various
magnetic ﬁelds. From Fig. 2(a) it can be seen that the eﬀective mass of protons at
B = 1012G, 1013G is much larger than that without magnetic ﬁeld. The results of
B = 1015G, 105 ×Be
c, 1019 G are indistinguishable from those of B = 0G. When the ﬁeld
strength further increases, a smaller m∗
p was obtained. The enhancement and suppression
of proton eﬀective masses mainly results from the variation of proton fraction caused by
the eﬀect of magnetic ﬁelds. The eﬀective masses of neutrons given in Fig. 2(b), however,
have little changes. The diﬀerent response of the proton and neutron eﬀective mass can be
explained in Figure 3, where the meson ﬁeld strength as functions of baryon densities are
displayed. Fig. 3(a) gives the σ-ﬁeld strength -gσσ as a function of the density. One can
ﬁnd that the curves behave similar to that of the proton eﬀective mass, except that the
m∗
p varies more rapidly due to the including of the δ-ﬁeld. Fig. 3(b) delineates that the δ-
ﬁeld strength changes substantially with magnetic ﬁelds around B = 1013G. The nucleon
eﬀective masses are entirety deﬁned by the σ- and δ-ﬁeld. The proton eﬀective mass is
enhanced signiﬁcantly at B = 1012G and B = 1013G because of the large cancellation
between the σ- and δ-ﬁeld. With the increasing of the magnetic ﬁeld, the strength of the σ-
9and δ-ﬁeld approaches the ﬁeld free case, so does the proton eﬀective mass. The situation
for neutron eﬀective masses is diﬀerent. The including of the δ-ﬁeld lowers the eﬀect of
magnetic ﬁelds on the σ-ﬁeld. Thus the neutron eﬀective mass is almost independent
with magnetic ﬁelds. One can also see that at larger magnetic ﬁeld(B > 1015G) and
higher density the δ-ﬁeld strength is near zero. That indicates that the eﬀective masses
of neutrons and protons tend to be same at higher density. At ultrastrong magnetic
ﬁeld(B = 3 × 1019G), the δ-ﬁeld strength turns out to be negative at density of ρ > 2ρ0.
We also present the strength of ω-ﬁeld(gωω0) and ρ-ﬁeld(gρR0,0) in Fig. 3(c) and Fig.
3(d), respectively. The ω-ﬁeld strength is solely deﬁned by the baryon density and thus
linear with it. The ρ-ﬁeld represents the isospin asymmetry of nuclear matter. From Fig.
3(d), one can ﬁnd that the ρ-ﬁeld strength for magnetic ﬁelds of B = 1012G and 1013G are
much larger than that for others, which means that the proton fractions are very small
and the neutron-star matter are extremely asymmetric. At ultrastrong magnetic ﬁelds
(B = 3×1019) the ρ-ﬁeld is almost zero, i.e, the density of protons is approximately equal
to that of neutrons. The neutron-star matter inclines to isospin symmetric at very large
magnetic ﬁeld.
Figure 4 shows the EOS of neutron-star matter under magnetic ﬁelds for SetA(NLσωρδ)
with the AMM terms excluded. For pressure and energy density we present the matter
part only. In Fig. 4(a), the energy per nucleon as a function of the baryon density is
depicted for various magnetic ﬁelds. , while the pressure is given in Fig. 4(b) and (c).
One can see that the equation of state becomes stiﬀer around B = 1012G compared to the
ﬁeld-free case. At the range of B = 1015G – 1019G the EOS is indistinguishable to that
of B = 0. At even larger magnetic ﬁeld the EOS comes out to be softer which is in accor-
dance with previous studies[11]. The variation of EOS with magnetic ﬁeld strength can
be understood by the particle fraction as discussed before. The results of SetA(NLσωρ)
without δ-ﬁeld are shown in Figure 5. The general trends of the nucleon eﬀective mass,
the ρ-ﬁeld and EOS are similar to that as depicted in Fig. 2 and Fig. 4, but the mag-
nitude of variation is suppressed. Thus one may conclude that the magnetic ﬁeld eﬀects
10change the proton fraction and the δ-ﬁeld enhances the isospin asymmetric eﬀects.
From above, we can ﬁnd that the δ-ﬁeld leads to splitting of nucleon eﬀective masses.
Under magnetic ﬁeld the proton eﬀective mass decrease rapidly with magnetic ﬁeld and
in range of 1015G < B < 1019G the results is almost indistinguishable from that of B = 0.
The neutron eﬀective mass have little change for diﬀerent ﬁelds because the eﬀects of
magnetic ﬁeld on σ-ﬁeld and δ-ﬁeld counteract. The EOS change a lot for diﬀerent
magnetic ﬁeld because of the change of proton fraction. By including of δ-ﬁeld, the EOS
of neutron-star matter is stiﬀer for strong magnetic ﬁelds (B < 1015G) and become softer
for ultrastrong magnetic ﬁelds (B > 1018G). The eﬀect of δ-ﬁeld decrease with magnetic
ﬁeld and is little at magnetic ﬁeld of B > 1018G. The EOS for 1015 < B < 1019G is similar
with that of B = 0 and at ultrastrong magnetic ﬁeld(B > 1019G) the neutron-star matter
tends to symmetric. From above analysis, we also ﬁnd that the fraction of proton play an
important role in the description of nucleon eﬀective mass and the EOS of neutron-star
matter.
3.2 Eﬀect of AMM terms
In previous works[11], the eﬀect of AMM terms of nucleons on the EOS of n−p−e−µ
system in the absence of δ-ﬁeld are studied in detail. In our studies, we will introduce
the AMM term of muons. At the magnetic ﬁeld B = 1017-1020G, the densities of muons
are comparable with baryon densities[11]. The eﬀect of the muon AMM term is then
expected to make sense. We adopt the value aµ = 1165203(8) × 10−10(0.7ppm)[17, 18],
which is a present word average experimental value. In the following we show the results
including the AMM terms of nucleons and muons, while the eﬀect of the electron AMM
term will be investigated in the next section.
The proton eﬀective mass as a function of the baryon density is shown in Fig. 6(a).
One can ﬁnd that the results for B < 1019G have very little change compared with
the case without AMM terms. For B = 3 × 1019G the proton eﬀective mass no more
decreases monotonically but tends to reach certain situation at high density. A similar
11situation is exhibited for the neutron eﬀective mass as shown in Fig. 6(b). AT ultra high
magnetic ﬁeld the m∗
n becomes larger than the ﬁeld-free case while for lower B they are
indistinguishable. This is mainly caused by the eﬀects of AMM terms on the σ-ﬁeld. In
Figure 7 one can see that the scalar ﬁeld is increased at large ﬁeld, especially for high
densities. The changes on the δ- and ρ-ﬁeld are negligible for with and without AMM
terms.
The EOS of the system are shown in Figure 9. Again, the main modiﬁcations due
to the including of AMM terms come out for high ﬁelds of B > 1019G. The energy per
nucleon becomes strongly binding at lower densities. Alternately, a stiﬀer pressure is
displayed compared to the case without AMM terms. It should be mentionable that the
EOS is only for matter, the magnetic energy itself has not yet been added.
We can conclude from above that at ultrastrong magnetic ﬁelds(B > 1019G) the proton
eﬀective masse and neutron eﬀective mass all become larger by including of AMM terms.
And the eﬀective masse of neutron is bigger than that of proton eﬀective masses at lower
densities (ρ < 4ρ0), since in this regions the density of protons is larger than that of
neutrons. The EOS becomes much stiﬀer at B = 1019G because of the eﬀect of AMM
terms. The nucleon eﬀective mass and EOS of this system have no evident change under
magnetic ﬁelds of B < 1015G. The AMM terms play an important role only under very
strong magnetic ﬁeld of B > 1018G. and the eﬀect of AMM terms decrease with magnetic
ﬁeld. On the other hand, the eﬀect of δ-ﬁeld decreases with magnetic ﬁeld and is very
small at B > 1018G. Its main contribution was shown at B ∼ 1012G
3.3 Results including AMM of electrons
The critical ﬁeld of electrons is about 1013G. Most of magnetic ﬁeld strengths con-
sidered in this work are around or well beyond this point. It is generally believed that
the high-order terms stemming from the vacuum polarization of electrons in an external
magnetic ﬁeld [23] may get into work near the critical point and cancel the electron AMM
term. Nevertheless, it is interesting to check the eﬀects of the electron AMM term nu-
12merically in the present system. The results including the δ-ﬁeld and AMM terms of all
relevant particles are depicted in Figure 9. Fig. 9(a) and (b) show the nucleon eﬀective
masses as functions of baryon densities . The pressure as functions of baryon densities and
energy densities are show in Fig. 10(c). One can see that the nucleon eﬀective masses
and EOS have negligible changes compared with the situation excluding the AMM of
electrons.
4 Summary and outlook
We have studied the properties of the neutron-star matter consisting of n-p-e-µ in
strong magnetic ﬁelds. For nuclear interactions we applied the relativistic mean ﬁeld
theory with the exchange of σ-, ω-, ρ- and δ-mesons. Our main interest is to investigate
the inﬂuences of isospin vector ﬁeld on the asymmetric matter in the presence of magnetic
ﬁelds. The eﬀects of AMM terms of nucleons and leptons are included. Two sets of
coupling constants with and without δ-ﬁeld are used in calculations. The nucleon eﬀective
masses and EOS are studied in detail. Interesting results have been found for two regions
of magnetic ﬁeld strength. At lower ﬁeld of B ∼ 1012G, where the AMM terms play no
role, the proton eﬀective mass was enhanced signiﬁcantly compared to the case of B = 0.
The equation of state becomes much stiﬀer. This is mainly caused by the change of proton
fraction. The neutron eﬀective mass is almost independent of magnetic ﬁelds because the
eﬀect of σ- and δ-ﬁeld cancel to some extent. In the range of B1015−−1018G, no obvious
diﬀerences were found both on the nucleon eﬀective masses and EOS for with and without
the magnetic ﬁeld. At larger ﬁeld of B ∼ 1019G, the proton eﬀective mass increases with
magnetic ﬁeld at high density(ρ > 5ρ0) while at lower density it becomes less than the
neutron eﬀective mass. The EOS of neutron-star matter is softer at ultrastrong ﬁeld but
becomes stiﬀer with the inclusion of AMM terms. Besides, one can ﬁnd that the neutron-
star matter tends to be symmetric at the range calculated. Compared with the results
without δ-ﬁeld, we ﬁnd that the eﬀect of δ-ﬁeld decreases with magnetic ﬁeld and becomes
little at B > 1019G. It can also be found that the eﬀect of AMM terms increases with
13magnetic ﬁeld and is very little when the ﬁeld strength B < 1015G. At the end, we have
presented the results including δ-ﬁeld and AMM of nucleons, muons and electrons, and
ﬁnd that the eﬀect of the electron AMM is very little. Particularly, the proton fraction can
be proved to play an important role in descriptions of properties of neutron-star matter .
The vector self-interaction terms of ω-ﬁeld can inﬂuence the maximum mass, the
rotational frequency and cooling properties of neutron stars[24]. The spin polarization of
protons probably aﬀect the structure and composition of neutron stars. These questions
will be studied in forthcoming work. With the densities increasing, the hyperon and
quark degrees of freedom must be considered for the core of neutron stars [3, 24]. The
interactions of quarks are very deferent from that of nucleons and can lead to many new
results[25]. All these can inﬂuence the EOS of neutron star matter and warrant further
studies.
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16TABLE 1
Parameter sets and the corresponding saturation properties of nuclear matter
Parameter Sets C2
σ C2
ω C2
ρ C2
δ b c ρ0 E/A m∗
N/MN asym K
(fm) (fm) (fm) (fm) (fm−1) fm−3 (MeV) (MeV) (MeV)
setA(NLρ) 10.32924 5.42341 0.94999 0.0000 0.03302 -0.00483 0.16 -16.0 0.75 31.3 240
SetA(NLρδ) 10.32924 5.42341 3.1500 2.5000 0.03302 -0.00483 0.16 -16.0 0.75 31.3 240
GM3 9.927 4.820 1.198 0.000 0.041205 -0.002421 0.153 -16.3 0.78 32.5 240
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Figure 1: Nucleon eﬀective masses m∗
N/MN(a) and pressure(b) as functions of baryon
densities ρ/ρ0 for the neutron-star matter without magnetic ﬁelds; (c) shows the energy
per nucleon as a function of baryon density.
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Figure 2: Eﬀective masses of protons(a) and neutrons(b) as functions of the density
for diﬀerent magnetic ﬁeld strengths. The parameter SetA(NLσωρδ) has been used in
calculations.
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Figure 3: The strength of the σ-ﬁeld(a), δ-ﬁeld(b), ω-ﬁeld(c) and ρ-ﬁeld(d) as functions
of densities for diﬀerent magnetic ﬁelds.
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Figure 4: Energy per nucleon(a) and the matter part of pressure density pm(b) as functions
of the baryon density, Figure(c) shows the pm as a function of matter energy densities εm.
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Figure 5: The results for n-p-e-µ system calculated with SetA(NLσωρ) without δ-ﬁeld.
(a) shows the nucleon eﬀective mass as a function of the baryon density for magnetic
ﬁelds as presented in Figure2; (b) displays the ρ-ﬁeld strength gρR0,0 ; (c) and (d) show
the energy per nucleon and pressure density, respectively.
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Figure 6: Same as Figure 2, except that the AMM terms of nucleons and muons are
included.
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Figure 7: Same as Figure 3, except that the AMM terms of nucleons and muons are
included.
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Figure 8: Same as Figure 4, except that the AMM of nucleons and muons are included.
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Figure 9: Results including the eﬀect of AMM of electron for model SetA(NLσωρδ). (a)
and (b) present the eﬀective masses of proton and neutron , respectively; (c) and (d) show
the pressure densities as functions of baryon densities and energy densities, respectively.
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